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23 Tree uprooting may distinctly affect landscape dynamics and slope denudation. Little is known, 
24 however, about the corresponding soil redistribution rates (erosion, accumulation), on either a 
25 long-term (millennia; 10Be) or a short-term (decades; 239+240Pu) scale. We determined these rates in 
26 a well-investigated forest reserve (Zofinsky primeval forest, Czech Republic) using complementary 
27 techniques: nuclides in soils and tors to derive short- to long-term rates and monitoring data (43 
28 years) of repeated tree censuses using tree uprooting data. Temporal trends of soil erosion rates 
29 were obtained by dating the timing of exhumation (10Be) of tors. The average long-term denudation 
30 rates were about 30–40 t km-2 yr-1. It seems that these rates varied over time with probably a 
31 maximum during the Pleistocene/Holocene transition (58–91 t km-2 yr-1). 239+240Pu activities in the 
32 soils identified soil redistribution rates of 50 to >100 t km-2 yr-1 for the last decades and agree with 
33 results from the tree uprooting monitoring (<92 t km-2 yr-1). In-situ 10Be in soils gave similar 
34 denudation rates (58–76 t km-2 yr-1). Meteoric 10Be provided a mean residence time of a soil 
35 particle of 33–100 ka supporting the measured average long-term erosion rates. Soil aggregates 
36 indicated stable physical conditions meaning that soil mass redistribution occurs only sporadically. 
37 It seems that the main driving factors of denudation changed over time. An erosion peak at the 
38 Pleistocene/Holocene transition (climate change) seems likely but needs further proof. Over the 
39 last few millennia tree uprooting seems the main driver of soil erosion.
40
41 Keywords: soil erosion; hillslope processes; tree throw pit-mound; beech; spruce; 
42 biogeomorphology
43
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45 Soil losses are due to soil creep, shallow landsliding, debris flow, rotation slumping, water and 
46 wind erosion, mineral expansion and contraction and induced movements or thermal processes 
47 such as ice-thaw mechanisms giving rise to soli- and gelifluction (e.g., Johnson et al., 2005; Pawlik 
48 et al., 2016). Depending on the steepness of the slope, lateral movement of soil material is an 
49 important process shaping the landscape (Gabet and Mudd, 2010). Soil creep is considered as a 
50 slow displacement that causes soil transport and deformation (Kirkby 1967, 2004). An often-
51 underestimated process in this respect is soil translocation by biotic processes (Phillips, 2009; 
52 Strzyzowski et al., 2018; Román-Sánchez et al., 2019) and particularly by trees (Pawlik et al., 
53 2016). Geomorphic reworking and transport of material along slopes, that can even be upslope (cf. 
54 tree throw), is often referred to biogenic creep (Lehre, 1987; Pawlik and Šamonil, 2018). 
55 Tree uprooting represents a crucial biomechanical effect of biota in many forested landscapes 
56 (Šamonil et al., 2017, 2018). Even in flat areas with no overall lateral movement, uprooting affects 
57 main soil characteristics by mixing soil horizons that were originally systematically stratified and 
58 redirecting pedogenetical pathways (Schaetzl and Follmer, 1990; Šamonil et al., 2015). In a co-
59 evolutional model, soil formation is characterised by ‘progressive’ or ‘regressive’ process groups 
60 (Johnson and Watson-Steger 1987). Tree uprooting disrupts the progressive process by soil 
61 redistribution (erosion/accumulation) and by affecting the s quence of soil horizons, organic matter 
62 decomposition, mineral alteration, leaching, water flow and physical processes. 
63 Forest ecosystems represent the environment having the highest intensity of biogenic creep. For 
64 example, Šamonil et al. (2018) estimated that 322 m3 ha-1 of soil is moved by the biomechanical 
65 effects of trees in Central European old-growth mountain forests. Although a single tree throw 
66 event influences only few square metres with a sharp transition to the surrounded undisturbed soil, 
67 they distinctly impact on landscape scale in the long-term. Bormann et al. (1995) determined the 
68 so far shortest known ‘turnover time’ with only 200–400 years in Alaska (USA). This means that 
69 the whole soil column is fully bioturbated by tree uprooting every 200–400 years. Central European 
70 old-growth mountain forests seem completely uprooted, and thus bioturbated, at average every 
71 about 1000–1400 years (Šamonil et al., 2013). In the context of biogenic creep, the biomantle 
72 concept was created (Johnson, 2002) that distinguishes three general stages: i) material is 
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73 removed from the surface; ii) it may be redeposited along the slope in small pits (caused by 
74 bioturbation); and iii) the bioturbation-affected layer slowly migrates downslope with its rate 
75 depending on slope angle, intensity and duration of disturbance.
76 Despite this more general knowledge, the rates of biomechanical processes, their spatial variability 
77 and involved time scales are poorly known. In erosion studies and modelling, one usually surmises 
78 that erosion is almost zero in forested landscapes (e.g., Meusburger and Alewell, 2014). In the 
79 context of high tree-uprooting dynamics, this concept has to be questioned. We therefore studied 
80 soil denudation rates along slopes in an old-growth temperate forest that has been frequently 
81 affected by tree throw dynamics. We hypothesised that soil redistribution rates 
82 (erosion/accumulation) are easily detectable even though the landscape is dominated by a dense 
83 forest. We furthermore assumed that slope denudation driven by tree uprooting dominates over 
84 other hillslope processes under present-day conditions (cf. Šamonil et al., 2017). In this light, it 
85 would be interesting to know the extent of soil denudation rates, how they have developed over 
86 time and if tree-uprooting has always been the dominant process: we therefore tried to determine 
87 the maximum age of the ‘biomantle’ (Johnson, 2002) along these slopes. The increment of the root 
88 system may change the soil volume. It does, however, not actively contribute to soil denudation 
89 (Šamonil et al., 2017). This process was therefore neglected.
90
91
92 2 Investigation area
93 Europe has only very small areas having a primeval forest. Some of these areas are in the Czech 
94 Republic. The Zofinsky Primeval Forest (hereinafter Zofin) has never been cut and managed and 
95 has been under strict protection since 1838 (Šamonil et al., 2013). This area is part of the 
96 International Long-Term Ecological Research network (CZ-LTER, www.lter.cz) and the 
97 Smithsonian Institution Global Earth Observatory (SIGEO, www.sigeo.si.edu). The Zofin is close to 
98 the border of Austria (Fig. 1). The reserve extends over 102 ha (with a core zone of 50 ha) having 
99 an altitude of 730 to 837 m a.s.l. Mean annual temperature is 6.2 °C and mean annual precipitation 
100 about 866 mm. According to Tolasz et al. (2007), the average annual wind speed is 3 to 4 m s-1 
101 with prevailing west wind. The average slope is 8.6°. The parent material (cover debris) consists of 
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102 granite and granodiorite (Pavlíček, 2004). The thickness of these cover debris (regolith; weathering 
103 front) is 4.6m (SD = 1.18m, max = 7.50m). The predominant soils are Cambisols, Podzols and 
104 Gleysols (IUSS Working Group WRB, 2014; Šamonil et al., 2011, 2014) with a typical thickness of 
105 about 80 cm. The analysis of a high-resolution digital elevation model (Fig. 1) showed that the 
106 western part of the Zofin area exhibits some lobes that are probably due to slow and continuous 
107 mass movement. More to the east, the topography indicates probably a high-energy mass-
108 movement. Migoń et al. (2014) suggested that these were common activities in many mountain 
109 ranges probably during the pre-Holocene.
110 Pedodiversity is high on a local scale (Šamonil et al., 2011) and cannot be explained with a simple 
111 progressive soil evolution model. Old-growth forests — predominantly beech (Fagus sylvatica L.) 
112 with a significant proportion of spruce (Picea abies (L.) Karsten) and fir (Abies alba Mill.) — have 
113 been sporadically affected by strong storms and subsequent bark beetle (Ips typographus L.) 
114 outbreaks (Šamonil et al., 2013). A main soil-disturbing factor is tree uprooting. Currently, 11.65 % 
115 of the forest of the research area is covered by tree throw pit-mounds, 7.7 % of them consisting of 
116 mound areas and 4.0 % of pit areas (Šamonil et al., 2011, 2014). The tree throw rotation period is 
117 approximately 1380 years in Zofin. 
118
119
120 3 Material and methods
121
122 3.1 General conceptual approach
123 Cosmogenic nuclide dating (10Be) along tors and 10Be in soils (Fig. 2) were used to determine long-
124 term (millennia) soil erosion rates. Short-term (decades) rates were assessed by fallout 
125 radionuclides (239+240Pu;) in soils. As shown by Raab et al. (2018), cosmogenic exposure dating of 
126 tors and the determination of their exhumation rates can be used to calculate surface lowering and 
127 thus soil denudation rates over millennia. Tors are large free-standing rock outcrops that are still in 
128 contact with the bedrock. Due to their higher physical resistance than the surrounding soil material, 
129 they are exhumed over time. The exhumation rate proportionally relates to the surface lowering 
130 rate and, thus, soil erosion rate (Raab et al. 2018). In addition, an average denudation rate for the 
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131 last millennia was obtained using in-situ 10Be in soils.
132 Three main sites (Figs 1 and 2) were selected. In each of these sites, short-term soil erosion and 
133 accumulation were measured using 239+240Pu on slopes (plots 61, 173 and 177) and on a tree throw 
134 mound (plot 61). The sampling was done using small pits. An adjacent reference site (an area of 
135 about 4 x 4 m having a slope of ≈ 0°; neither at an accumulation nor at an erosion position) where 
136 no soil redistribution has occurred during the last six decades, was compared to a slope site (Table 
137 1). At each specific site (slope positions, tree throw, reference site), four soil pit replicates were 
138 taken having 4 depth intervals (0–5, 5–10, 10–15 and 15–20cm depth) giving in total 112 samples. 
139 Soil sampling was performed using a soil corer having a volume of 100 cm3.
140 The age of the slope material was estimated using the inventory of meteoric 10Be in the soils (Egli 
141 et al., 2010). Similarly to 239+240Pu, the meteoric 10Be stocks relate to the mass of fine earth fraction 
142 (< 2mm; its proportion was determined after sieving; see also Table 3). For this purpose, 
143 additional, large soil profiles down to the C horizon were dug at each site (slope position). We 
144 sampled each soil horizon in three randomised replicates. We also took 78 undisturbed soil 
145 samples having a volume of 100 cm3 to determine soil density. In these same pits, in-situ 10Be 
146 sampling (average denudation rate) was performed.
147 Soil translocation caused by tree uprooting may also affect soil aggregates. We therefore 
148 evaluated their stability to see if the formation of aggregates in the soil might have been hampered 
149 by tree uprooting processes (Walker, 2005).
150 The frequency of single tree throw events was calculated using tree censuses established in 1975 
151 and repeated in 1997, 2008 and 2018 (Šamonil et al., 2017). During each census, location, health 
152 status (living standing tree, tree stump, uprooted tree etc.) of each tree (≥ 10cm in diameter at 
153 breast height DBH) and the DBH ≥ 10 cm were recorded. 
154
155 3.2 Soil erosion rates determined from exposure dating of tors (10Be) and 10Be and 239+240Pu in soils 
156 a) Surface lowering and soil denudation rates (10Be)
157 The exhumation rate of tors was used as a proxy for the estimation of soil erosion rates. Tor 61 
158 was a single rock whereas the tors at the site 177 and 177_2 were on a ridge and partly split up in 
159 different large rock pieces (Fig. 2). In this case the largest tors having no obvious signs of 
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160 exfoliation were chosen. The height-age relationship along the tor was obtained by exposure age 
161 dating the rock surface at different heights. The technique follows the principles given by Raab et 
162 al. (2018) by taking into account the age of the rock’s initial appearance at the surface (subsurface 
163 10Be accumulation before exposure; ts, equation 1). 
164 The height–age trend along tors was modelled using different regression functions: 
165 - a linear 
166 - a polynomial (3rd degree) and 
167 - a logistic function. 
168 The logistic model is described as follows (Raab et al., 2018): 
169  (1)𝑓(𝑡) = 𝑎
(1 + 𝑒𝑏(𝑡 ― 𝑐)) +𝑑
170 where f(t) corresponds to the height [m] of the sampling point along the tor, a is the range of height 
171 [m], t is time [yr], b is the slope coefficient [–], c corresponds to the time of the maximal rate of 
172 change [yr], and d is an asymptotic value [m]. Regression functions using Monte Carlo simulations 
173 were applied to the height-age relation by considering the external errors of the 10Be 
174 measurements.
175 In general, the intersection of the regression function of the ages above surface with the x-axis 
176 (age) provided the age at which a tor appears at the surface. To have a better age constraint for 
177 the pre-exposure of a tor, a sample below surface was also analysed (tor 177). From height-age 
178 relationship and its mathematical derivation (∂ƒ(t-ts)/∂t), the surface lowering over time (SL(t)) [mm 
179 yr-1] and, therefore, soil denudation rate was calculated.
180   (2) 
∂𝑓(𝑡 ― 𝑡𝑠)∂𝑡 = 𝑆𝐿(𝑡)
181 The soil denudation rate D [t km-2 yr-1] is defined by (Riebe et al., 2004)
182 (3)𝐷𝑆𝑜𝑖𝑙 =𝑊𝑆𝑜𝑖𝑙 + 𝐸𝑆𝑜𝑖𝑙
183 with ESoil = soil erosion and WSoil = chemical weathering. In mountainous terrain, soil erosion often 
184 dominates over chemical weathering so that ESoil is in the range of 0.5–0.9 × Dsoil (Dixon and von 
185 Blanckenburg, 2012) or even higher. Thus, on slopes soil erosion is approximately
186 (4)𝐷𝑆𝑜𝑖𝑙≈ 𝐸𝑠𝑜𝑖𝑙 = 𝑆𝐿(𝑡) × 𝜌𝑆 × 1000 
187 with s = soil bulk density [t m-3]. 
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188 In addition, soil denudation rates were also obtained from in-situ 10Be concentrations in the topsoils 
189 (for details, see Norton et al., 2010).
190
191 b) Short-term (decades) soil erosion/accumulation rates
192 239+240Pu inventories in the fine earth As [Bq m-2] were calculated using the equation:
193 (5)𝐴𝑠= 1𝑆∑𝑖𝑀𝑇𝑖𝐶𝑖
194 where Ci = activity of the ith sub-sample depth increment [Bq kg-1], MTi = total mass of the ith sample 
195 depth increment [kg] and S = surface area of the core [m2]. Soil redistribution rates were then 
196 estimated by comparing an eroding/accumulating soil with a local reference inventory having no 
197 soil material redistribution. To quantify erosion/accumulation rates, the following mathematical 
198 procedures were applied:
199 - Profile distribution model (PDM) according to Walling and Quine (1990) 
200 - Inventory method (IM) following Lal et al. (2013) by applying P-factors of 1, 1.2 (Walling 
201 and He 1999) and 1.5 (Lal et al. 2013).
202 - The code MODERN (Arata et al., 2016) was used to model the Pu-depth distribution and 
203 calculate erosion rates. MODERN usually b tter depicts the shape of the depth function of 
204 Pu in the soil than other models, because it does not make any assumption on the shape of 
205 the depth profile.
206
207 3.3 Soil age determination
208 The soil age can be estimated on the basis of meteoric 10Be (e.g., Maejima et al., 2004). In 
209 accordance with procedures developed by Zollinger et al. (2017), the age is:
210 (6)𝑡=― 1𝜆ln (1― 𝜆 𝑁𝑞 ― 𝜌𝐶10𝐵𝑒𝑓𝐸𝑠𝑜𝑖𝑙)
211 where Esoil = soil erosion rate (in this equation as cm yr-1; an average value of 0.003–0.004 cm yr-1 
212 was used that corresponds to about 0.3 t ha-1yr-1), C10Be [atoms g-1] = average 10Be content of the 
213 top eroding horizons, f = fine earth fraction, ρ฀[g cm-3] = the bulk density of the top horizons, N 
214 [atoms cm-2] = 10Be inventory in the profile, q [atoms cm-2 yr-1] = annual 10Be deposition rate 
215 (Maejima et al., 2005), λ [4.997 x 10−7 yr-1] = decay constant of 10Be and t [yr] = surface age.
Page 8 of 47
http://mc.manuscriptcentral.com/ldd
































































217 3.4. Estimation of soil redistribution rates using tree throw census data
218 The average amount of soil made available for denudation by tree throws was estimated based on 
219 (i) the detailed knowledge of single uprooting events in the forest reserve between 1975 and 2018 
220 from repeated censuses of circa 24000 trees having a DBH ≥ 10 cm in an area of 74.2 ha (Průša, 
221 1985), (ii) slope angle on site, (iii) the deviation of tree fall direction from downslope direction, and 
222 (iv) the modelled relationship between tree DBH and root plate volume (Šamonil et al., 2017). 
223 First, a general model of the proportion of material that settles back into the tree throw pit as the 
224 mound erodes was created. This approach is based on a hydraulic erosion simulation algorithm 
225 after Mei et al. (2007) and Šťáva et al. (2008). We used an experience-based idealised 
226 representation of a pit-mound microtopography consisting of two half-ellipsoids of equal volume 
227 and width. While the pit ellipsoid had a circular projection (length same as width) the length of the 
228 mound half-ellipsoid has half its width. We ran the algorithm for 49 different combinations of 
229 inclination (0–60°) and tree fall direction (0–180° deviation from downslope direction) and fitted a 
230 linear model to these results (R2=0.999) to predict the proportion of material returning to the pit for 
231 any combination of the two parameters. In a next step, we computed for every tree uprooted 
232 between 1975 and 2008 its tree throw mound volume using the following equation (Šamonil et al. 
233 2017):
234 (7)𝑉= 0.001313 𝐷𝐵𝐻2
235 where V = tree throw root plate volume [m3]. Based on the slope inclination and fall direction of the 
236 tree trunk, the volume of soil that would not return back to the pit was estimated. Finally, these 
237 volumes were used to estimate the average annual contribution of tree throw dynamics to 
238 denudation rates for different inter-census periods.
239 Charcoal fragments in the soils documented the presence of a forest for the last 11 kyr (Bobek et 
240 al., 2018). 
241
242 3.5 Analytical procedure
243 Surface exposure dating:
244 About 2 kg of rock material was taken per sample (tor and rocks) with a stone saw, hammer and 
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245 chisel. The shielding factor was determined in the field using a Suunto inclinometer. The rock 
246 samples were subsequently crushed and sieved to the fraction 0.5–1 mm. Feldspar was removed 
247 by froth flotation. In a subsequent step, the samples were leached for one week with hydrofluoric 
248 acid (HF) in a shaker to obtain pure quartz. The procedure to extract Be(OH)2 and its calcination is 
249 described in detail in Dahms et al. (2018). All 10Be/9Be ratios were measured at the ETH Zurich 
250 AMS system Tandy (Christl et al., 2013) and normalised to the ETH Zurich in-house AMS standard 
251 S2007N (10Be/Be = 28.1 x 10-12 nominal) which has been calibrated relative to ICN 01-5-1 
252 (10Be/9Be = 2.709 x 10-11 nominal) (Nishiizumi et al., 2007) — both associated with a 10Be half-life 
253 of 1.387±0.012 My (Chmeleff et al., 2010). 10Be contents were blank corrected. 10Be exposure ages 
254 were calculated using CRONUS-Earth (http://hess.ess.washington.edu/math/) version 3.0 (Table 
255 S1). The production rate, and thus the age, was corrected for latitude and altitude using the time-
256 dependent (Lal/Stone) scaling scheme (Lal, 1991; Stone, 2000). 
257
258 In-situ 10Be in soils:
259 At each site (61, 173, 177) about 5–6 kg of soils were sampled from the top 50 cm. After drying, 
260 the samples were sieved to 250–500 µm and quartz was extracted via standard physical and 
261 chemical separation. An in-house 9Be carrier was added and Be was extracted at the Victoria 
262 University of Wellington Cosmogenic Nuclide Lab following Norton et al. (2010). Erosion rates 
263 were calculated using CRONUS-Earth version 3.0.
264
265 Meteoric 10Be:
266 The stocks of meteoric 10Be were measured using the fine earth (fraction ≤ 2 mm) of each soil 
267 horizon of the three soil profiles (no. 61, 173, 177) as described in Zollinger et al. (2017). Meteoric 
268 10Be was extracted from the soil material according to Egli et al., 2010 (and references therein). 
269 The 10Be/9Be ratios were measured at the ETH Zurich AMS system Tandy as previously described 
270 and blank corrected.
271
272 239+240Pu:
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273 Fallout radionuclides (e.g. 239+240Pu) are a product of above-ground nuclear weapons testing and 
274 were emitted to the upper atmosphere particularly during the 1950–1960’s and/or by nuclear 
275 reactor accidents. Scavenged by rain or by dry deposition, Pu strongly binds to the soil. 
276 Transuranic elements, such as Pu, are mainly found in surficial soils and the entire stock is found 
277 in the top 20 or 30 cm (Ketter et al., 2011).
278 Sample preparation was done following Ketterer M.E., Szechenyi (2008) .  The finely milled 
279 samples were ashed for 20 h (600 C) to remove organic matter. A spike of c. 30 picograms 
280 (0.0044 Bq) of 242Pu tracer solution (NIST 4334) was added. The samples were then leached and 
281 Pu species adjusted to a Pu4+ oxidation state. After heating at 75 C, TEVA resin was added. After 
282 rinsing, Pu was eluted and was ready for analysis. Together with the samples, pre-bomb soils 
283 (‘negative control’), the Standard Reference Material 4350b (river sediment, NIST) and blanks 
284 were analysed. The Pu activity of soil samples is reported in Table S2.
285 The Pu isotopes were measured using an Agilent 8800 Triple QQQ-ICP-MS (APEX HF, ESI 
286 Scientific, Omaha, NE, USA).
287
288 Soil aggregates:
289 Soil aggregates were determined according to Nimmo and Perkiins (2002) by using sieves having 
290 mesh sizes of 1, 0.5, 0.25 and 0.125 mm. The mean weight diameter (MWD) of all size classes 
291 from dry and wet sieving (> 5 mm down to < 125 µm) was determined 
292 (8)𝑀𝑊𝐷𝑖 =  ∑𝑚𝑤𝑖 × 𝑑𝑖∑𝑚𝑖 ;                      𝑀𝑊𝐷=  ∑𝑀𝑊𝐷𝑖
293 with MWDi = mean weight diameter of the “i-th” sieve class, mwi = sum of the mass fraction of soil 
294 remaining on each sieve after sieving [g], di = the mean mesh size of the “i-th” sieve [mm] and mi = 
295 the total amount [g] of used sample weight (Nimmo and Perkiins, 2002). 
296 Additionally, we calculated the MWD using the equation of Chenu et al. (2011): 
297 (9)𝑀𝑊𝐷= 0.34 𝐶𝑜𝑟𝑔 +0.008 𝑐𝑙𝑎𝑦+ 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡
298 The factor ‘environment’ has a value of -0.17 for grassland and 0.34 for forests.
299
300 Geochemistry of the soils:
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301 The total element content was determined in powder samples using X-ray fluorescence 
302 (SPECTRO X-LAB 2000). Soil pH (H2O) was measured in a soil:solution ratio of 1:2.5. Fe, Al and 
303 Si concentrations were determined (in duplicate) after treatment of the soil samples with NH4-
304 oxalate (buffered at pH 3; McKeague et al., 1971) and dithionite (only Fe and Al; Borggaard, 1988). 
305 Subsequently, the element contents were analysed using atomic absorption spectroscopy. The 
306 total organic carbon (C) and nitrogen (N) contents were determined using isotope ratio mass 





312 4.1. Characteristics of the soil profiles
313 Profile 61 (Dystric Cambisol; Table 1) is located on a midslope position and has a thickness of c. 
314 80 cm (Table 2). The soil is acidic, has a high organic C content in the topsoil and exhibits a high 
315 amount of pedogenic forms of Fe and Al in the upper part of the profile. The dithionite-extraction 
316 usually determines amorphous and crystalline Al- and Fe-oxyhydroxides, including also organically 
317 bound Fe and Al in a soil (Borggaard, 1988). With oxalate, non-crystalline and weakly crystalline 
318 forms are extracted. The oxalate-extractable Al content is slightly higher than the dithionite-
319 extractable content, indicating that no crystalline Al-forms are present. An active formation of 
320 imogolite type materials (ITM) does not take place because the molar Al/Si ratios are far outside 
321 the range 1–2 (Parfitt and Hemni, 1982). The other two profiles (173 and 177) have both spodic 
322 characteristics and are thicker with a genetic depth of about 100 cm. Profile 173 is located at the 
323 footslope and shows the typical eluviation and illuviation of organo-metallic complexes in an Albic 
324 Podzol. The spodic characteristics are less pronounced in profile 177 (Entic Podzol). 
325
326 4.2. Tor exposure ages and denudation rates
327 Along tor 61, the exposure age constantly increased from 16 ka close to the soil surface up to 67 
328 ka at 1.8 m height (Fig. 3). The 10Be content at the rock surface increases with tor height. This 
329 reflects our basic assumption that tors are exhumed over time and exposed to atmosphere. 
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330 Although almost linear, the age trend can be best modelled using a polynomial function (Fig. 4a-c). 
331 The R2 obtained using a linear regression were significantly lower than when using a polynomial 
332 function. The logistic function (equation 9) does neither differ from the linear nor from the 
333 polynomial approach. Taking the pre-exposure of the rock into account, the tor represents 
334 exhumation rates and thus surface lowering rates over the last c. 51 kyr. The average exhumation 
335 rates are about 0.032 mm yr-1. Assuming an average soil bulk density of c. 0.9 t m-3, then soil 
336 denudation rate is roughly 30 t km-2 yr-1. Using the derivation of the polynomial function, the 
337 calculated rates would show a maximum around c. 10–30 kyr with about 30–50 t km-2 yr-1 (Fig. 4g) 
338 that are slightly decreasing in the Holocene to about 20–30 t km-2 yr-1. Very low erosion rates 
339 seemed to have prevailed during the last glacial period.
340 Tor 177 gave an increase in age with height above surface while the contrary was the case for tor 
341 177_2 (another tor in close vicinity to tor 177). The average slope (change of age as a function of 
342 height) is for all tors very similar (Fig. 3). Due to the contrary age trend of tor 177_2, we have to 
343 assume that this ‘tor’ toppled over. While resampling this tor (backside) we recognised that, from a 
344 morphological point of view, something must have happened to this rock (confirmed by an 
345 additional age that does not fit into the trend; Table 3). The relatively good age resolution along tor 
346 177 enabled the determination of exhumation rates over time and, thus, indirectly soil erosion rates 
347 over time. The surface ages and external errors were used for a trend fitting (height vs. age; Fig. 
348 4d–e). Compared to the other approaches, the logistic model gave for tor 177 clearly the best 
349 results (p < 0.01) when tracing the height-age trend. The linear model does not adequately 
350 represent this trend. Furthermore, it was not possible to model the trend in a meaningful way when 
351 using a polynomial approach without fixing (arbitrarily) some parameters (e.g. intersection with the 
352 x-axis, ignoring negative trends). As a consequence, polynomial functions were not further 
353 considered in this case. Using this approach, a maximum value of surface lowering rates (soil 
354 erosion rates) can be determined for the transition period between the Pleistocene and Holocene. 
355 During a large part of the last ice age, the soil erosion rates probably seemed to be very low. After 
356 the erosion peak at the Pleistocene/Holocene transition (mean value: about 75 t km-2 yr-1 and 
357 having a range of about 58–91 t km-2 yr-1, Fig. 4f), the erosion rates remained at a distinctly higher 
358 level than before the peak. According to this time trend model (Fig. 4f), the present-day net erosion 
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359 rates are in the range of 35–72 t km-2 yr-1. The average surface lowering rate over the entire period 
360 is 0.04 mm yr-1 or, in terms of soil denudation, about 40 t km-2 yr-1. 
361 Assuming that tor 177_2 toppled over, an exhumation rate can be calculated. The slope of the age 
362 trend is, although negative, similar to the other tors. By multiplying this age trend with a factor -1, 
363 the average exhumation rate would have been 0.023 mm yr-1 corresponding to an average erosion 
364 rate of 23 t km-2 yr-1. This value has however to be considered with caution. 
365 The in-situ 10Be denudation rates (soils) are, in average, significantly faster with 58–76 t km-2 yr-1, 
366 perhaps supporting enhanced tree throw during the Holocene (Table 4).
367
368 4.3. Short-term denudation rates using 239+240Pu
369 Nuclear fallout radionuclides. such as Pu, can be used as tracer for soil erosion rates for the last 
370 five to six decades (Meusburger et al., 2016). Pu was concentrated in the topmost 5 cm of the soils 
371 and exponentially decreased with depth (Fig. 5). 
372 Soil erosion was detectable at the plots 61 and 173 (Table 4). The tree uprooting site (mound) 
373 erodes quickly. In contrast to our expectance, no erosion was measured at site 177 but instead 
374 accumulation occurred. Depending on the calculation procedure, the erosion rates vary slightly 
375 (Table 4). Independent of the calculation procedure, the erosion rates are highest at the tree 
376 uprooting site. Although the tree was already rotten and thus tree uprooting must have occurred 
377 probably more than 50 years ago (Šebková et al., 2012; Petrillo et al., 2016), slope activity is still 
378 highest. 
379 The short-term soil redistribution rates seem higher than the long-term rates (10Be). If, however, the 
380 average short-term values of all sites (Table 4) are calculated (42 to 77 t km-2 yr-1) then these rates 
381 are similar to the long-term rates and even closer to the rates obtained for the Holocene when 
382 using 10Be (along tors and in soils).
383
384 4.4 Soil aggregate stability
385 The MWD values did not vary greatly and were for all three profiles approximately 2 (Table 5). The 
386 MWD values using the equation of Chenu et al. (2011), differ slightly from the measured MWD 
387 values. The highest difference is found in profile 177. This can be explained by the high C content 
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388 in the Ah horizon of this profile. When comparing the MWD values to the classes of Le Bissonnais 
389 (1996), then the soil aggregates of all profiles can be characterised as stable to very stable.
390
391 4.5. Meteoric 10Be in the soils and age estimation
392 In all soils, a relatively low 10Be concentration was measured in the uppermost soil horizon (Fig. 6). 
393 This could be due to (i) leaching of 10Be from this horizon to greater depths or (ii) mechanical soil 
394 disturbance (e.g. tree uprooting). At plot 173, the 10Be trend with depth seems to follow 
395 podzolisation, i. e. eluviation of organo-metallic complexes from the uppermost A and E horizons 
396 and their illuviation and precipitation in the spodic Bhs and Bs horizons (Sauer et al. 2007). A part 
397 of 10Be migrated to these horizons beneath. At plot 61 (Fig. 6), the zigzag of 10Be along the profile 
398 is unusual and indicates a redistribution of soil material most probably by one or several tree 
399 uprootings that occurred hundreds or thousands of years ago (Šamonil et al., 2013). However, 
400 redistribution was not obvious when having a look at the pedomorphic properties, thus, suggesting 
401 very old disturbance events. Podzolisation is not that intense in profile 177. The low 10Be 
402 concentrations probably are due to a vertical translocation and accumulation of uprooted material.
403 To calculate soil age or the residence time of the soil material, the stock of 10Be and the deposition 
404 rates must be known. Average concentrations of 10Be in rainfall are near 1–1.5 × 104 atoms cm-3 
405 (Heikkilä et al., 2008; Graly et al., 2011). Multiplying the 10Be content in rainfall with the annual 
406 precipitation gives the input of 10Be. However, annual precipitation rates are not precisely known 
407 for very long periods (millennia). Assuming that the present-day’s average of annual precipitation 
408 more-or-less matches the average of the Holocene, then an estimate for this period can be made. 
409 The investigated soils are older and already started to form in the Pleistocene. For this period, only 
410 imprecise estimates based on existing glaciological and palaeoclimatological investigations can be 
411 made. According to Heyman et al. (2013), annual precipitation was during the last glacial 
412 maximum probably 25–75% of the present-day situation. We made a scenario calculation by taking 
413 these values iteratively into account by using: 
414       (10) 𝑃= 𝑃𝐻 × 𝐹+  𝑃𝐼𝐴 × (1― 𝐹)
415 where P = precipitation rate [mm yr-1] during entire period of soil formation, PH = precipitation rate 
416 during the Holocene, F = precipitation proportionality factor (ratio time of soil evolution during the 
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417 Holocene to entire duration of soil formation) and PIA = precipitation rate during the Pleistocene 
418 (25–75 % of present-days rate). In addition, the approximate average erosion rate was used that 
419 was calculated from the exhumation rate of the tors (c. 30 t km-2 yr-1). Using this approach, the age 
420 range of soil profile 61 is approximately between 60 and 150 ka, profile 173 between 21 and 45 ka 
421 and profile 177 between 50 and 110 ka (Fig. 7). In these calculations, erosion and thus surface 
422 lowering is implemented (equation 6). As a consequence, soil can be considered as a flow-through 
423 reactor of the top about 0.8–1 m (see discussion chapter).
424
425 4.6. Contribution of tree throw dynamics to denudation rate
426 The average annual transport of soil material due to tree uprooting was 3.5 m3 ha-1 yr-1 between 
427 1975 and 2018 (Table 7; tree throw census data). Although the majority of the moved soil returns 
428 back to the tree throw pit during the post-disturbance erosion-sedimentation process (considering 
429 the slope angle and the direction of tree fall, Fig. 8), about 1.5 m3 of soil per hectare and year (i.e. 
430 150 t km-2 yr-1; Table 7) continued to move downslope and may have contributed to slope 
431 denudation. However, an exceptionally disturbing event with a return interval of c. one century 
432 (Šamonil et al., 2013) occurred during the monitoring period influencing these average values. 
433 Considering one strong storm per century (e.g. Kyrill storm in January 2007), the tree throw net 
434 denudation rates are about 92 t km-2 yr-1 (computed as a weighted average by reducing the 
435 proportion of the Kyrill-containg period 1997-2008 to the whole observation period). An unknown 
436 part of the translocated material by tree uprooting along the slope is redeposited. This means that 
437 the net soil erosion rate due to tree uprooting is actually lower than 150 t km-2 yr-1 and in the long 




442 5.1. Long-term evolution of erosion rates (using 10Be)
443 The obtained average, long-term denudation rates (10Be) of c. 30 t km-2 yr-1 are low, but seem 
444 reasonable for forested and natural sites that are not on steep slopes and agree well with literature 
445 data (Morgan, 1999; Pieri, 1992). The long-term denudation rates derived from 10Be in the soils 
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446 (quartz) are with 58–76 t km-2 yr-1 slightly higher, but still at a low level.
447 The investigated tor 177 exhibits a maximum of erosion rates about 10 –15 ka (transition period: 
448 Pleistocene – Holocene). This trend would nicely fit to findings of Raab et al. (2018) who measured 
449 distinctly increased erosion rates (up to about 150–300 t km-2 yr-1, compared to rates that were 
450 usually < 20 t km-2 yr-1). Therefore, the measured increase in denudation/erosion (up to 58–91 t 
451 km-2 yr-1) around 10–15 ka ago in the Zofin area might be due to the drastic climate change that 
452 occurred at the transition from the Pleistocene to the Holocene. Also the second tor (61) indicates 
453 a maximum of erosion rates between about 10–30 ka. However, the signal derived from this tor is 
454 slightly speculative, because the exhumation trend can also be well explained using a linear trend 
455 (with no rate changes over time) and the obtained erosion peak is very broad. To have more 
456 conclusive results about the temporal evolution of denudation rates over time, more tors would 
457 need to be sampled and analysed. Our hypothesis of an increased erosion activity during the 
458 transition from the Pleistocene to the Holocene is further supported by findings of Migoń et al. 
459 (2014) who found that high-energy mass-movements were common in many mountain ranges in 
460 these areas before the onset of the Holocene whereas during the Holocene such processes are 
461 not that evident anymore and soil formation prevails.
462 According to Raab et al. (2018), erosion rates show a fluctuation over time that is related to major 
463 climate changes. These authors calculated maximum erosion rates during such transition times in 
464 the range of about 150–300 t km-2 yr-1 for a Mediterranean upland. The variations depend on local 
465 conditions: in the Appalachian, for example, the late Pleistocene was a period having intense 
466 erosion. With Holocene warming, periglacial processes stopped and erosion decreased (Mills and 
467 Delcourt, 1991; Montgomery and Wohl, 2004). Erosion rates can be high until a vegetation cover 
468 or forest is established. About 11 ka BP (Bobek et al., 2018), a forest-like vegetation must have 
469 already existed in the Zofin area. With changing climate, the sparse vegetation before 11 ka BP 
470 gave way to Pinus sylvestris/mugo forests with frequent forest fires between 11–9 ka BP that 
471 probably have enhanced soil erosion. Once Fagus sylvatica established, fire frequency decreased. 
472 Bobek et al. (2018) found fire disturbances until about 6 ka BP. Because fire events generally 
473 decrease the frequency of tree uprootings (Schaetzl and Thompson 2015), the volume of the tree 
474 throw soil redistribution rates (0.92 m3 ha-1 yr-1) must have been lower before 6 ka BP. After 9 ka, 
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475 rapid climate deterioration phases existed that have enhanced soil erosion (e.g. around 8.4 ka, 
476 Malkiewicz et al., 2016).
477
478 5.2. Recent erosion rates (using 239+240Pu and tree censuses)
479 The short-term erosion values revealed by Pu isotopes are untypically high for forests. Usually, 
480 very low values or even no erosion is surmised for forested areas (Meusburger and Alewell, 2014). 
481 However, Meusburger et al. (2013) were able to measure high soil erosion rates even in forested 
482 and monsoon affected areas having steep steep slopes using 137Cs and RUSLE (South Korea; 
483 with erosion rate between 2 – 700 t km-2 yr-1). The present-day erosion rates in the Zofin area are 
484 locally 50 to > 100 t km-2 yr-1. These values fit nicely with the modelled values from tree uprooting 
485 monitoring (average = 92 t km-2 yr-1). Three different models were used to calculate erosion rates 
486 based on 239+240Pu. In contrast to Meusburger et al.’s (2016) findings, the results seem comparable 
487 independent of the modelling approach (Fig. 9).
488 Tree uprooting redistributes soil material leading to both, erosion and accumulation. If the mean 
489 value of the obtained erosion/accumulation rates using Pu (without the mound at the TUR site; 
490 Table 4) of soils is calculated, then we obtain a net denudation in the range of 17–37 t km-2 yr-1; 
491 with the TUR site the range is 42–77 t km-2 yr-1. These values fit well to the determined rates 
492 derived from the exhumation rate of the tors and 10Be in soils. 
493 Although tree-uprooting gives rise to soil redistribution soil aggregates are stable which is typical 
494 for forest soils (Chenu et al., 2011). This again indicates that erosion is not continuous but rather 
495 episodic and that longer phases with stable conditions occur.
496 The biomechanical effects of trees is highest at altitudes between 700–1200 m a.s.l. in central 
497 European temperate and native forest (Šamonil et al., 2017) which seems to be due to the size of 
498 trees (that normally decreases with altitude) and number of storm events. The calculated net 
499 erosion rates based on tree censuses are probably slightly too high (92 t km-2 yr-1). Using the Pu-
500 isotopes, we measured similar values only on mounds. Pawlik (2013) estimated in a review paper 
501 biogenic creep globally in the range of 20 to 130 t km-2 yr-1.
502 Since soil redistribution due to tree uprooting is patchy, it is expected that disturbed sites have 
503 higher rates than currently undisturbed areas. While rare strong storms increase the denudation 
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504 effect of tree uprootings, the absence of storm events or a too-high frequency limit the 
505 biogeomorphic effect of trees (Constantine et al., 2012). We assume that the current disturbance 
506 regime, climate and soil conditions favour the biogeomorphic effect of trees. 
507
508 5.3 Meteoric 10Be in the soil
509 Meteoric 10Be may take part in pedogenic processes, such as eluviation/illuviation-related 
510 distributions, that imposes difficulties when dating soils (Wyshnytzky et al., 2015). Some authors 
511 (Egli et al., 2010; Waroszewski et al., 2018) found a positive correlation between 10Be and oxalate-
512 extractable Fe or Al and sometimes Corg in Podzols. From these relationships, these authors 
513 postulated a downward migration of 10Be together with Fe, Al and/or organic matter. Other authors 
514 however state that 10Be does not show consistent trends in hillslope soils (Wyshnytzky et al., 
515 2015). Graly et al (2010) observed a correlation between 10Be and dithionite-extractable Al and 
516 clay but no or only a weak correlation to dithionite-extractable Fe. It is therefore difficult to draw a 
517 general pattern between 10Be and soil characteristics. 10Be in the investigated soils did not show 
518 any correlation to almost any of the previously mentioned parameters. Only in the profiles 173 and 
519 177, a correlation was found between 10Be and oxalate and dithionite-extractable Al. This suggests 
520 that 10Be is partially involved in podzolisation.
521 When dating soils using meteoric 10Be, the estimation of 10Be deposition rates for a specific site is 
522 the most error-prone step (Egli et al., 2010). Only an estimate of 10Be deposition rates can be 
523 provided for these long periods. Soils in temperate to alpine regions seem to attain a steady state 
524 after about 100 ka (Egli et al., 2018) or even earlier and often reach a thickness of about 0.8–1m. 
525 Yu et al. (2017) and Egli et al. (2018) gave the physical explanation for this phenomenon. 
526 Consequently, the investigated soils are close to a quasi steady-state because the area was not 
527 glaciated during the last glaciation (Heyman et al., 2013) and soil formation must have started > 
528 100 ka; except major landsliding or other events would have occurred leading to a resetting. In a 
529 quasi-steady-state, the determined soil ages (Fig. 7) indicate a mean residence time of a particle in 
530 the previously mentioned soil layer. Assuming a long-term erosion rate of 0.3 t ha-1 yr-1 at quasi-
531 steady-state conditions and a bulk density of the whole soil of approximately 0.9 t m-3, then the 
532 mean residence time would be about 45 kyr for a soil having a thickness of 1.5 m and 30 kyr for a 
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533 soil having a thickness of 1m which is in the range of the determined 10Be soil ages. Probably all 
534 soils have a similar age, but evolved differently due to different topographic positions, moisture 
535 conditions and biogenic creep.
536
537 6 Conclusions
538 10Be exposure ages along tors enabled the construction of a model for soil erosion rates during the 
539 last c. 50–70 kyr. The model derived from one tor shows that an erosion rate of about 75 t km-2 yr-1 
540 (range between 58–91 t km-2 yr-1) has occurred at the transition from the Pleistocene to the 
541 Holocene owing to a strong climate change. When using this model, the present-day net erosion 
542 rates are in the range of 35–72 t km-2 yr-1. These are high values when compared to rates of the 
543 pre-LGM (Last Glacial Maximum). However, another analysed tor did not provide such a clear 
544 temporal trend. Therefore, the previously mentioned maximum at the transition from the Holocene 
545 to the Pleistocene remains slightly speculative. 
546 The long-term denudation rates derived from 10Be in the soils (quartz) give an average for the last 
547 few millennia in the range of 58–76 t km-2 yr-1. Using 239+240Pu as a tracer, the present-day erosion 
548 rates on mounds locally reached 100 to 200 t km-2 yr-1 due to tree uprooting. Uprooting itself 
549 induces strong denudation processes with erosion on the mound and infilling in the pits. If the 
550 average of erosion and accumulation is calculated, then a net denudation rate in the range of 16–
551 77 t km-2 yr-1 was obtained that fits to the determined long-term values derived from the 
552 exhumation rate of the tors. The tree throw census indicates that large volumes have been 
553 involved in soil redistribution. Based on this inventory, the denudation rates are max. 92 t km-2 yr-1.
554 Both applied indexes indicate stable soil aggregates conditions and show typical values for forests. 
555 This again demonstrates that erosion is not continuous and that longer periods with stable 
556 conditions exist.
557 The multi-method approach shows that biogenic creep (tree uprooting) contributes significantly to 
558 the overall denudation and is probably the most important factor for the last few thousands of years 
559 in such environments.
560
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808 Table 1.  Details about sampling sites and plots for short-term erosion measurements (239+240Pu).
809
Site Latitude Longitude Elevation Soil Type of plot Replicates Slope 
(°N) (°W) (m a.s.l.) (IUSS Working 
Group WRB, 2014)
(°)
Soil-61 48.669 14.709 763 Dystric Cambisol Slope 4 6
Tree uprooting 4 18
Reference 4 0
Soil-173 48.665 14.707 793 Albic Podzol Slope 4 3
Reference 4 0
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813 Table 2. Chemical and physical properties of the investigated soil profiles.
814










  Dithionite 
extractable 
forms
 pH Org. C N Density 
    Al Fe Si Al Fe H2O
    mg kg-1   mg kg-1    %  %  g cm-3
61 A 0-5 10YR 3/2 3630 8273 312 3143 16936 4.03 ND ND ND
ABw 5-15 10YR 4/3 5108 10226 237 4319 18476 4.46 5.95 0.40 0.71
Bw1 15-30 10YR 5/4 6070 4141 766 4638 12297 4.84 2.34 0.17 0.79
Bw2 30-50 10YR 5/3 5418 1690 962 3895 9100 4.94 1.34 0.09 0.85
BC1 50-80 10YR 5/2 3968 803 751 2663 10511 4.91 0.94 0.07 0.98
C1 80-100 10YR 5/3 2780 826 489 1852 8213 5.40 0.77 0.04 1.08
C2 100-140 10YR 5/3 2750 952 550 2070 7670 5.20 0.36 0.02 1.04
C3 140-160 10YR 5/3 1130 669 198 811 4400 5.10 ND ND ND
C4 160-200 10YR 5/2 1510 446 326 1150 4400 5.20 ND ND ND
173 A 0-5 10YR 2/1 1552 1584 16 1439 2528 3.49 5.80 0.25 0.81
E 5-10 7.5YR 6/1 832 162 10 517 1551 3.77 5.80 0.25 0.81
Bhs 10-14 7.5YR 3/3 6749 19097 141 6459 25921 3.91 5.35 0.23 0.58
Bs1 14-30 10YR 5/6 17993 14591 2518 13186 21825 4.55 5.44 0.18 0.67
Bs2 30-50 10YR 6/4 16453 3200 4809 8343 9687 4.70 3.25 0.10 0.80
BC1 50-100 7.5YR 5/1 1345 909 92 1100 6100 4.82 0.35 0.02 1.46
C2 100-150 10YR 5/3 849 12510 96 621 5585 5.59 0.11 0.00 1.36
177 A 0-5 10YR 2/2 3701 20625 256 3538 20515 3.80 ND ND ND
ABw 5-15 7.5YR 4/3 7440 10202 304 6176 27251 4.25 15.66 0.91 0.63
Bs1 15-30 7.5YR 4/4 11660 8776 1226 10249 17061 4.61 4.29 0.22 0.71
Bs2 30-50 7.5YR 6/6 10088 890 1581 7040 13889 4.54 1.75 0.09 ND
BC1 50-100 10YR 5/3 4959 491 1117 2593 4011 4.87 0.52 0.03 0.85
C1 100-150 10YR 5/3 2608 2237 549 1687 4296 4.91 0.09 0.00 1.30
C2 150-160 10YR 5/3 ND ND ND ND ND ND ND ND ND
815 ND = not determined
816
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818 Table 3. 10Be measurements of the tor, rock, and soil samples of the Zofinsky Primeval Forest.
Sample 
name




10Be surface  
exposure 
aged,e
Internal error External 
error
(°N) (°W) (m a.s.l.) (cm) correction (cm yr-1) (105 atoms g-1) (105 atoms g-1) (a) (a) (a)
ZOF-1 Tor_177 10cm 48.664 14.708 806 2.5 0.90 0.0001 7.17 0.247 100402 3862 9252
ZOF-2 Tor_177 100cm 48.664 14.708 806 2 0.976 0.0001 6.39 0.234 82786 3319 7565
ZOF-3 Tor_177 150cm 48.664 14.708 806 1.7 0.889 0.0001 6.81 0.230 97814 3678 8957
ZOF-4 Tor_177 210cm 48.664 14.708 806 1.8 0.983 0.0001 9.31 0.299 124015 4566 11600
ZOF-5 Tor_177 230cm 48.664 14.708 806 1.7 1 0.0001 9.30 0.308 121410 4596 11378
ZOF-7 Tor_177_2 10cm 48.664 14.709 806 1.5 0.499 0.0001 7.74 0.254 219491 9211 22978
ZOF-8 Tor_177_2 130cm 48.664 14.709 806 1.7 0.889 0.0001 1.02 0.331 154519 5951 14985
ZOF-9 Tor_177_2 215cm 48.664 14.709 806 1.7 0.998 0.0001 9.62 0.317 126369 4787 11900
ZOF-24 Tor_177_2 50cm (back 
side)
48.664 14.709 806 2.5 0.998 0.0001 9.62 0.317 115651 6298 11692
ZOF-10 Rock_177 -65cm 48.663 14.707 829 77c 0.998 0.0001 1.11 0.077 16032 1130 1658
ME142 Profile 61, Tor 10 cm 48.668 14.708 730 2 0.869 0.0001 1.08 0.042 15845 622 1360
ZOF-12 Profile 61, Tor 75 cm 48.668 14.708 730 2 0.631 0.0001 1.81 0.078 34228 1527 3071
ME143 Profile 61, Tor 110 cm 48.668 14.708 730 2 0.622 0.0001 2.36 0.068 49106 1490 4161
ZOF-13 Profile 61, Tor 135 cm 48.668 14.708 730 2 0.500 0.0001 2.75 0.102 67423 2692 6072
ME144 Profile 61, Tor 180 cm 48.668 14.708 730 2 0.714 0.0001 3.52 0.157 65080 3116 6097
Soil-61 Soil sample 48.669 14.709 763 10 1 - 2.48 0.230 - - -
Soil-173 Soil sample 48.665 14.707 793 10 1 - 2.09 0.110 - - -
Soil-177 Soil sample 48.664 14.708 801 10 1 - 1.96 0.131 - - -
819
820
821 a We used a density of 2.65 g cm−3 for all samples, an erosion rate of 1 mm kyr-1 and the 07KNSTD standard
822 b Uncertainty includes AMS measurements errors and statistical counting error
823 c soil material: a density of 1 g cm-3 was applied to correct for burial depth of 65 cm and rock sample thickness (see supplementary Table S1)
824 d Surface exposure ages were calculated with the CRONUS-Earth online calculators (http://hess.ess.washington.edu/, Balco et al., 2008 and version 3.0) and using scaling scheme for 
825 spallation based on Lal (1991)/Stone (2000)
826 e time-varying production rate model, Lal (1991)/Stone (2000)
827
828
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829 Table 4. Results of Pu inventories and the erosion rates calculated with three different models. 
830 In addition, erosion rates determined from in-situ 10Be (in soils) are given. Erosion 
831 rates using Pu were calculated with several models: PDM = profile distribution model, IM 
832 = inventory method and MODERN = modelling deposition and erosion rates with radionuclides 
833 (Arata et al., 2016). S = slope site and TUR = tree uprooting site.
834
Plot Site 239+240Pu In-situ 10Be
PDMa IMb IMb IMb MODERNc
P=1 P=1.2 P=1.5
(t km-2 yr-1) (t km-2 yr-1) (t km-2 yr-1) (t km-2 yr-1) (t km-2 yr-1) (t km-2 yr-1)
61 S -111 -111 -102 -81 -149 -58.0±7.2
TUR -136 -166 -147 -118 -196
173 S -83 -64 -59 -47 -68 -71.3±6.8
177 S 109 125 98 79 105 -76.3±8.0
835
836 Negative values = Erosion, Positive values = Deposition 
837 aWalling & He (1999) 
838 bLal et al. (2013) 
839 cArata et al. (2016) 
840
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841 Table 5. MWD (mean weighted diameter) results of aggregates and derived categories of stability 










very unstable < 0.4
unstable 0.4 - 0.8
medium 0.8 - 1.3
stable 1.3 - 2.0
very stable > 2.0
844
845
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61 Ah(Bv) 0-15 15 0.71 10.575 2.77 2.00% 0.05 26
Bv 15-30 15 0.79 11.910 5.16 2.00% 0.10 28
Bv 30-50 20 0.85 16.920 5.78 2.00% 0.12 33
BvC1 50-80 30 0.98 29.340 3.74 2.00% 0.07 29
C1 80-100 20 1.08 21.660 6.25 2.00% 0.13 30
C2 100-140 40 1.04 41.400 4.04 2.00% 0.08 30
173 Ah/E 0-10 10 0.81 8.100 0.28 2.36% 0.01 9
Bhs 10-14 4 0.58 2.320 0.63 2.02% 0.01 26
Bs 14-30 16 0.67 10.640 3.75 2.00% 0.08 24
Bs 30-50 20 0.80 15.920 3.87 2.00% 0.08 33
BsC1 50-100 50 1.46 73.100 2.81 2.00% 0.06 36
C2 100-150 50 1.36 68.150 0.83 2.02% 0.02 45
177 AhBvs 0-15 15 0.63 9.435 1.26 2.01% 0.03 19
Bvs 15-30 15 0.71 10.635 6.53 2.00% 0.13 39
Bvs/BvsC 30-100 70 0.85 59.430 4.57 2.00% 0.09 39
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851 Table 7. Tree uprooting frequency, related uprooted soil material and potential amount susceptible to be 
852 eroded and deposited along the slope.
853
Period Frequency Mound volume Potential denudation 
volume
(event ha−1 yr−1) (m3 ha−1 yr−1) (m3 ha−1 yr−1)
    
1975–1997  0.63  1.22  0.48
1997–2008
(containing the Kyrill 
storm)
 3.30 10.27  4.54
2008–2018  0.60  1.15  0.48
1975–2018 
(corrected by weighing 
the Kyrill storm as a 
century event)
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859 Figure 1. Overview of the investigation area (Zofin primeval forest), geological units and the 
860 sampling sites (soil sites and tors).
861
862 Figure 2. Sampled soil profiles, an example of a tree uprooting and investigated tors.
863
864 Figure 3. Surface ages as a function of height above the present-day surface of the three sampled 
865 tors.
866
867 Figure 4. a–c) exposure age – height trend simulation (linear, polynomial and logistic function) for 
868 tor 61 using a Monte Carlo approach, d–e) exposure age – height trend simulation (linear, and 
869 logistic function; polynomial function was not possible) for tor 177 using a Monte Carlo approach. 
870 Derived denudation rates over time for f) tor 177 (red lines: rates derived from the logistic function; 
871 grey area: rates derived from the linear function) and e) for tor 61 (red lines: rates derived from the 
872 logistic function; blue lines: rates derived from the polynomial function; grey area: rates derived 
873 from the linear function). Statistically different (ANOVA) R2 values are indicated by * (p < 0.05) and 
874 ** (p < 0.01)
875
876 Figure 5. 239+240Pu inventories of the investigated sites (each having 4 replicates). a) Profile 61 with 
877 erosional, tree uprooting (TUR) and reference site, b) Profile 173 with slope and reference site, c) 
878 Profile 177 with accumulation and reference site.
879
880 Figure 6. Meteoric 10Be distribution along the soil profiles a) Profile 61, b) Profile 173, c) Profile 
881 177.
882
883 Figure 7. Modelling of soil ages (meteoric 10Be) as a function of precipitation rates. The rectangles 
884 indicate the most probable age range of the individual soils.
885
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886 Figure 8. a) Example of a tree uprooting event that was monitored with the tree throw census, b) 
887 proportion of soil material that falls back into the pit as a function of treefall and slope angle.
888
889 Figure 9. Correlation between the different model approaches to calculate soil mass redistribution  
890 (erosion or accumulation); a) correlation between MODERN and the inventory method (IM) or the 
891 profile distribution model (PDM), b) correlation between IM and PDM.
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